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Abstract 
 
Rotator cuff pathology is extremely common, and can significantly reduce one’s function 
in activities of daily living. The mechanisms of rotator cuff pathology are not well 
understood. This study aims to understand how supraspinatus stress and strain vary across 
a range of scapular plane elevation. Secondarily, to understand how imposing humeral head 
translations in the superior and inferior directions (±2 and ±5 mm) affect tendon mechanics. 
It was found that both stress and strain increased across the range of arm elevation. The 
posterior portion of the tendon underwent the greatest amount of strain, while the anterior 
portion near the footprint experienced the greatest levels of stress. With superior humeral 
head translation, the maximum stress and strain decreased, while inferior translation caused 
stress and strain increased. Further study is required to validate the finite element model. 
Alterations to the model may be done in order to address more clinical questions, such as 
how varying anatomy and subject specific kinematics affect rotator cuff mechanics.  
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Introduction 
Purpose of the Study: 
The purpose of this study was to create and validate a finite element model of the 
glenohumeral joint (scapula, humerus, and supraspinatus) to examine the mechanical 
environment of the supraspinatus tendon over a range of arm elevation. Secondarily, to use 
the model to assess changes in mechanics due to humeral head translation in the superior 
and inferior directions across this range of motion. 
Hypothesis/Research Question: 
It is hypothesized that the stress within the supraspinatus tendon will be greatest 
toward end range arm elevation. In future work, the model will be validated against a 
cadaveric study, where surface strain will be compared to the strain predicted by the finite 
element model. Additionally, the tendon stress is expected to increase with inferior humeral 
head translation and decrease with superior translation. Intuitively, as the humeral head 
translates inferiorly, the tendon will be pulled down passively by the humeral kinematics 
while the muscle contraction will be pulling upward on the tendon to provide force for the 
rotational motion, causing additional tensile stress across the range of motion. 
Significance: 
It is thought that both anatomy and kinematics play an important role in 
development of rotator cuff pathology1-3. Kinematic factors may potentially be addressed 
by physical therapy, while certain anatomic variations may require surgical intervention to 
treat. Understanding how both kinematics and morphology affect the mechanics of the 
supraspinatus is important for prevention and treatment of rotator cuff tears, however, they 
are difficult to isolate in vivo, and the mechanics are difficult to quantify experimentally. 
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Many current experimental techniques, particularly to measure tissue mechanics, are 
invasive, making it particularly difficult to understand the healthy population where 
intervention is unnecessary 4-6. Finite element analysis allows analysis of kinematics and 
morphology separately, and provides insight about the internal mechanics at play within 
the rotator cuff tendons.  
Literature Review 
The shoulder is a very unique joint in the human body. It is a perfect example of 
the intricate balance between stability and mobility. The glenohumeral joint is the most 
mobile joint in the human body, with the largest range of motion in three rotational 
directions. Because of the required mobility of the joint, the shoulder has limited passive 
stabilization, including a shallow glenoid fossa, labrum, and various glenohumeral 
ligaments 7. Most of the stability of the joint comes from dynamic stabilization from the 
rotator cuff tendons. These muscles wrap around the humeral head and provide active 
stability by wrapping around the humeral head to pull and hold it in the glenoid 7.  
Shoulder pain is the second most common musculoskeletal complaint 8. One 
common cause of shoulder pain is presumed to be the development of rotator cuff tears. 
The supraspinatus is the most commonly injured 9. Due to its line of action superior to the 
joint axis, the tendon is often under tension in order to stabilize the joint, even in a neutral 
position to counteract gravity 7. The supraspinatus is subject to frequent tensile overload, 
leading to chronic overuse 7. It has been proposed that the mechanisms of rotator cuff injury 
are due to a combination of intrinsic and extrinsic factors. Intrinsic mechanisms of rotator 
cuff injury are due to tissue degeneration, such as with aging, overuse, or changes in 
microvasculature 2. Extrinsic mechanisms of rotator cuff injury involve mechanical 
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degeneration due to contact and compression of the rotator cuff tendons. For example, 
subacromial impingement, a proposed mechanism of supraspinatus tendon degeneration, 
occurs when the supraspinatus tendon comes into contact and is compressed by the 
coracoacromial arch 1. In order to fully understand the mechanisms of rotator cuff injury, 
both intrinsic and extrinsic factors must be understood.  
 How glenohumeral kinematics and morphology influence extrinsic mechanisms of 
injury are not well understood. It is known that both have an impact on supraspinatus 
mechanics. Differences in scapular and humeral morphology have been theorized to be 
related to the development of rotator cuff tears. For example, the inclination of the glenoid, 
which is how far superiorly the glenoid faces, is thought to influence humeral head superior 
translation 10,11. Similarly, one could intuit that a larger humeral head relative to the same 
subacromial joint space would decrease the subacromial space for the tendon to travel 
through, resulting in increased likelihood for subacromial impingement, and eventual 
development of a rotator cuff tear. There has been significant study in the area of acromial 
morphology, and different classifications of acromion (flat, curved, or hooked) have 
different likelihood of developing pathology 12. Each person’s anatomy is unique, so 
understanding how scapular and humeral morphology affect rotator cuff mechanics is 
important to understanding why some people develop rotator cuff pathology while others 
do not.  
 Glenohumeral kinematics are also known to have an effect on rotator cuff 
pathology. Ideally, motion at the glenohumeral joint would be pure rotation. Because the 
shoulder has such a large range of motion, stability must be compromised 2. Humeral head 
translations are known to occur in subjects symptomatic of rotator cuff pathology as well 
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as healthy controls 13,14. Superior/inferior translation in healthy controls has been seen to 
vary between two and five millimeters over the range of arm elevation, and between three 
and six millimeters in the anterior-posterior direction 13. It is thought that humeral head 
translations impact rotator cuff pathology either by applying an additional traction on the 
tendon, increasing its tensile load, or by decreasing subacromial space, increasing the 
likelihood for contact and compression against the coracoacromial arch.  
 The relationship between anatomy and kinematics is not well understood. People 
may adapt their kinematics to alleviate symptoms. For example, if in a certain position, 
someone has significant subacromial compression, they may inferiorly translate their 
humeral head to reduce pain. The long-term effects of this translation on the soft tissue 
structures are not well understood. Finite element modeling can be utilized to parse out the 
effects of kinematics and anatomy independently to fully understand their effects 
individually, and ultimately be applied to a true in vivo condition, where the two are 
intertwined. 
 Finite element analysis is a computational method where space and time are 
discretized to convert complex partial differential equations into simplified linear systems 
of equations. In biomechanical applications, finite element analysis allows analysis of 
systems where in vivo measurements are invasive and difficult to control for all 
confounding variables. Finite element analysis is a non-invasive method to understand 
complex biomechanical systems, such as the glenohumeral joint. 
  Many finite element models have been created to model shoulder biomechanics – 
with some papers assessing the effect of anatomy or pathology on shoulder mechanics 15-
23, while others analyze the effects of specific interventions or injuries 15,24-27. There are 
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relatively few, however, that assess factors influencing rotator cuff injury. Inoue et al. 
investigated the mechanism and development of rotator cuff tears with respect to abduction 
angle 28. Other investigators have created models to understand how the mechanics and 
loading capacity of the supraspinatus, infraspinatus, and teres minor are affected by various 
types of partial thickness tears 29-32.  
 One major limitation to finite element models is that numerous assumptions or 
constraints need to be made, and the only way to prove that the assumptions and limitations 
within the model are reasonable is to validate the model versus experimental data. Model 
validation varies from extensive, multi-subject cadaveric experimentation to validation 
relative to literature values. Grassi et al. performed an elaborate validation study of a femur 
model. The femurs were painted white and then speckled with an airbrush and digital image 
correlation was used to compute the principal strains and validate the strain output from 
the equivalent finite element model 33. Typically, experimental methods to validate are 
done with either DIC and speckling, implanted beads, strain gauges, or markers to calculate 
the surface strain to compare with the strain predicted by the model 18,22,24,33-35. 
Methods 
Finite Element Model 
An MR-image of a fresh-frozen cadaver shoulder was obtained using a Siemens 3T 
MRI Scanner (Siemens, Germany) (slice thickness = 0.7 mm, repetition time = 7.16 ms, 
echo time = 2.67 ms), and segmented using Mimics software (Materialise, Belgium) to 
create a three-dimensional model of the scapula, humerus, supraspinatus muscle, and 
supraspinatus tendon (Figure 1). The muscle-tendon junction was identified by changes in 
contrast in the MRI images to ensure accurate tendon size. The central tendon, where the 
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tendon continues deep into the muscle, was ignored for simplicity of the model.  In order 
to maintain consistency across future subjects, these models were transformed from a 
global, mimics-based coordinate system to a scapular coordinate system defined by the z-
axis pointing laterally from the root of the spine of the scapula to the center of the glenoid. 
The scapular plane was defined by this vector along with a vector pointing from the root 
of the spine of the scapula to the inferior angle. The x-axis was defined as the cross product 
of these two vectors, and the y-axis was defined by the cross product of the z- and x-axes. 
Because this model is a left shoulder, the z-axis points laterally, the x-axis points 
posteriorly, and the y-axis points superiorly. These changes in axes relative to the normal 
right-side coordinate system were accounted for when prescribing joint rotations.  
 
Using subject-specific geometry, a finite element model was created for this subject 
using FEBio software (University of Utah). The scapula and humerus were modeled as 
rigid bodies, and meshed using Hypermesh software (Hyper-works 14.0, Altair, USA) with 
a linear tetrahedral mesh with an element size of three millimeters, in order to preserve 
geometry, while keeping the model reasonably simple. The supraspinatus muscle and 
Figure 1. Model Geometry 
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tendon were meshed with linear tetrahedral elements. The supraspinatus muscle and tendon 
had element sizes of one millimeter, based on a previously performed mesh convergence 
study, as this was the region of interest of the model.  
 The muscle was modeled as a solid mixture, with a transversely isotropic Mooney-
Rivlin matrix, with muscle fibers pointed along its long axis (Table 1) 36. The strain energy 
density equation for a Mooney-Rivlin matrix can be seen in Equation 1, below.  
𝑊 = 𝑐1(𝐼1 − 3) + 𝑐2(𝐼2 − 3) +
1
2
𝐾(ln(𝐽))2     (1) 
Where cis are constants, and I1 and I2 are invariants of the deviatoric part of the right 
Cauchy-Green tensor, defined as the transpose of the deformation gradient tensor 
multiplied by itself, and J is the determinant of the deformation gradient tensor. For this 
model, the muscle did not apply any force naturally. Instead, a force of 10 N was applied 
to the end of the muscle to simulate a force similar to that to be used in the experimental 
setup for validation.  
The tendon was modeled as an uncoupled solid mixture, with a Mooney-Rivlin 
solid matrix (Equation 1), and power exponential fibers (strain energy density described in 
Equation 2) to mimic the material properties found by Lake et al. 6 (Table 1).  
𝑊 =
𝜁
𝛼𝛽
(exp[𝛼(𝐼𝑛 − 1)
𝛽] − 1)      (2) 
Where In is the square of the fiber stretch in the fiber direction. The material properties 
were validated previously by mimicking a biaxial test, where a simulated square of the 
material is pulled along its edges, and the two-dimensional strain compared to 
experimental measures previously reported in the paper. A sliding, non-penetration 
contact was created between the scapula and the supraspinatus. This contact definition 
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allows the supraspinatus to slide over the supraspinatus fossa of the scapula, as it would 
occur in vivo, while inhibiting its ability to go through the bone to avoid deformation.  
Table 1. Model Material Properties 
Tendon Properties 
Mooney-Rivlin Matrix 
c1 [MPa] c2 [MPa] k [MPa] 
0.06 0.01 10 
Power-Exponential Fibers (uncoupled) 
alpha beta ksi [MPa] k [MPa] theta [deg] phi [deg] 
0 4.1 98.7 115 35.3 85.2 
 
Muscle Properties 
Transversely Isotropic Mooney-Rivlin Matrix 
c1 [MPa] c2 [MPa] c3 [MPa] c4 [MPa] c5 [MPa] k [MPa] lambda 
0.03 0.01 0.05 6.6 24.7 10 2 
Prescribed Uniaxial Contraction 
Muscle Contraction (T0) theta [deg] phi [deg] 
0 35.3 85.2 
 
An arm elevation in the scapular plane was imposed according to joint angles from 
a study by Ludewig et al. tracking bone pins across various motions 4. What we consider 
arm elevation is referred to as humerothoracic arm elevation, or how much the humerus is 
moving relative to the thorax. Humerothoracic (HT) elevation is composed of the motion 
of the sternoclavicular (SC), acromioclavicular (AC), and glenohumeral (GH) joints 7. The 
contribution of the GH joint to HT elevation is roughly 2:1, compared to the motion from 
the AC and SC joints 7. In this model, glenohumeral rotations are prescribed as they 
correspond to desired humerothoracic scapular plane elevation levels (Table 2). In order to 
correctly and uniformly impose kinematics, the scapular and humeral coordinate systems 
must be centered with respect to one another and set to a neutral position based on 
epicondyle position and humeral retroversion 37.  
Because of the length of the humerus, the scan was not performed all the way to 
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the humeral epicondyles to prevent warping of the scan. Because of this, the humeral 
coordinate system was defined as a bicipital groove based coordinate system, as that point 
was easy to digitize in the three-dimensional space of the model. Massimini et al. studied 
the retroversion of numerous humeri to find that the average humeral torsion from 
epicondyles to bicipital groove 37. This relationship was used to rotate the humerus to a 
“retroverted” position, which was really true neutral, where a vector connecting the 
humeral epicondyles is parallel to the frontal plane.  
Table 2. Kinematic angles imposed in the model. HT – humerothoracic, GH – glenohumeral. 
HT Elevation GH Elevation GH Plane GH Rotation 
30˚ -13˚ 15˚ -34˚ 
60˚ -33˚ 22˚ -48˚ 
90˚ -56˚ 22˚ -61˚ 
120˚ -78˚ 14˚ -65˚ 
150˚ -103˚ 10˚ -65˚ 
 
The generalized joint rotations across the arm elevation are prescribed by an X Z’ 
Y’’ Cardan angle sequence (Table 2). The corresponding rotation matrices were applied to 
the three-dimensional bone models to rotate them through the range of motion (Figure 2). 
These rotation matrices were then turned into quaternions in order to prescribe the three-
dimensional rotation to the FEBio interface.   
The model was run under 3 conditions, 1) once the humeral head was centered, 
imposing glenohumeral rotations only. 2) Translations of ±5 millimeters were linearly 
imposed in the superior/inferior direction, such that at end range rotation the humerus had 
either translated 5 millimeters in the superior or inferior directions. 3) Finally, translations 
of ±2 millimeters in the superior/inferior direction were imposed.  
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Figure 2. Glenohumeral Kinematic Positions. The red dot indicates the humeral head center. 
Model Analysis and Post-Processing 
 The finite element method works by breaking up a large problem into many small, 
linear problems to estimate the global mechanics of the system. Prescribing a rotation of 
the humerus, the finite element solver, FEBio, will calculate nodal displacements. Using 
these displacements, the Lagrange Strain within each element is calculated. 
Lagrange strain is defined as the deformation of the element relative to its 
undeformed configuration. In continuum mechanics, the Lagrange strain (E), is defined by 
Equation 3, below. 
𝐸 =
1
2
(𝐹𝑇𝐹 − 𝐼)           (3) 
Where F is the deformation gradient tensor, defined as the matrix mapping the deformed 
geometry to the undeformed geometry, and I is the identity matrix. 
This strain can be represented differentially (Equation 4), 
𝐸𝑖𝑖 =
𝑑𝑢𝑖
𝑑𝑥𝑖
; 𝐸𝑖𝑗 =
𝑑𝑢𝑖
𝑑𝑥𝑗
+
𝑑𝑢𝑗
𝑑𝑥𝑖
           (4) 
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where ui is the displacement in the i-direction, and xi indicates the unit vector in the i-
direction 38. Based on the displacements of the elements, these spatial calculations may be 
performed using the finite element shape functions.  
 On each element, strain may be represented as a combination 
of deformations normal to (normal) or in plane (shear) with the 
faces of the element (Figure 4). Often, von Mises strain, or 
effective strain, which is a scalar value describing the magnitude 
of strain on the element, is calculated to understand how likely 
these strains are to cause failure (Equation 5).  
 𝐸𝑣𝑀 = √𝐸𝑥𝑥2 + 𝐸𝑦𝑦2 + 𝐸𝑧𝑧2 − 𝐸𝑥𝑦 ∗ 𝐸𝑥𝑧 − 𝐸𝑥𝑦 ∗ 𝐸𝑦𝑧 − 𝐸𝑦𝑧 ∗ 𝐸𝑥𝑧 + 3(𝐸𝑥𝑦2 + 𝐸𝑥𝑧2 + 𝐸𝑦𝑧2 )  (5) 
Where Eii indicates a normal strain, while Eij indicates a shear strain. 
Using the constitutive equations associated with the material definitions, the 
Cauchy stress may be calculated in order to better understand the true mechanics across 
the tendon. FEBio calculates the von Mises stress, also called effective stress (Equation 6), 
in order to provide a scalar value to describe the magnitude of stress in each element, and 
then applies a color map in order to visualize. 
𝜎𝑣𝑀 = √𝜎𝑥𝑥2 + 𝜎𝑦𝑦2 + 𝜎𝑧𝑧2 −  𝜎𝑥𝑦 ∗ 𝜎𝑥𝑧 − 𝜎𝑥𝑦 ∗ 𝜎𝑦𝑧 − 𝜎𝑦𝑧 ∗ 𝜎𝑥𝑧 + 3(𝜎𝑥𝑦2 + 𝜎𝑥𝑧2 + 𝜎𝑦𝑧2 )   (6) 
 The effective stress and strain were calculated in each element throughout the range 
of motion. Looking at the peak stresses and strains in each angular position, as well as the 
color map for where these peaks are occurring, provides insight about how humerothoracic 
elevations and specific tendon locations that may impact supraspinatus tendon stress and 
strain. 
 Different areas of the tendon experience different mechanics. The footprint, which 
Figure 3. Differential Strain 
Element. Red arrows indicate 
normal strain directions, 
while blue represents shear 
directions. 
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is where the tendon attaches to the humerus, is responsible for the force transmission from 
the muscle to the humerus, so it experiences stress concentrations associated with this 
tension. The critical zone, which is one centimeter medial to the footprint, is a hypo-
vascular zone that is commonly torn in supraspinatus tendon injury 39. Analysis of these 
portions of the tendon separately may be helpful to understand how the mechanics at play 
differ between zones. Similarly, differences in material behavior has been described 
between the anterior and posterior portion of the tendon 6. Although this wasn’t modeled 
for simplicity sake, it indicates that the mechanics on the anterior and posterior portions of 
the tendon may be different. The effective stress and strain within each of these regions 
(anterior and posterior footprint, and anterior and posterior critical zone) was analyzed 
separately in order to understand how the mechanics differed between them.  
  Finally, in order to assess the effect of humeral head translations, the stress and 
strain were compared between various humeral head translation cases. The percent changes 
in stress and strain were calculated relative to the neutral case where the humeral head was 
held centered throughout the range of motion.  
Validation Experiment 
In order to validate the results of the model, the surface deformation of the tendon was 
intended to be compared between the model and a cadaveric study. The same fresh-frozen 
cadaver shoulder was dissected such that the scapula, humerus, rotator cuff tendons, joint 
capsule, and ligaments were all that remained. A custom jig was created such that the 
scapula could be mounted and weights attached to the rotator cuff tendons in order to center 
the humeral head (Figure 4). The scapula was positioned in a certain degree of upward 
rotation to mitigate the effects of gravity.  
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The humerus, attached to the scapula by the rotator cuff tendons, was placed as 
close as possible to the specific static positions throughout the range of scapular plane arm 
elevation imposed in the model (Table 2). In order to track true joint positions, 1.0 mm 
tantalum beads were inserted into the humerus and scapula, and glued in place using 
cyanoacrylate. The jig was used to hold the humerus in specific positions relative to the 
fixed scapula. The position was then captured using biplane fluoroscopy and the true joint 
position extracted.  
 To track the deformation of the supraspinatus tendon, speckles were painted onto 
the tendon using acrylic paint. Three DSLR cameras were set up such that the tendon was 
visible in at least two cameras throughout the range of motion. In order to calibrate the 
digital cameras, a three-dimensional calibration object was created and points were 
selected in each of the cameras to know where they were in space relative to one another.  
 Due to software limitations, the three-dimensional strain of the tendon was not able 
to be calculated. Two types of software – XMALab (Brown University), and MultiDIC 
Figure 4. Experimental Setup 
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(Massachusetts Institute of Technology) – were used with no success to characterize the 
surface strain of the tendon in the various position. Both software packages seemed to 
struggle with calibration, where when a point was selected in one camera, it was projected 
to a very different point in the other cameras. MultiDIC was not able to correlate the 
window of speckles between cameras, making the digital image correlation impossible. 
A future direction of this research will be to extract meaningful data from the 
experimental portion of this work in order to fully validate the model. Conceptually, using 
three cameras, as in this experiment, a calibration object may be used to understand the 
location of each camera with respect to one another. Either by using digital image 
correlation or defining points in all three cameras, points on the surface of the tendon 
should be identifiable by the cameras and the three-dimensional surface in each frame 
calculated and analyzed to obtain the surface strain across each position.  
Results 
 Across the range of motion, FEBio calculates the von Mises strain within each 
element. It then applies a color map to visually describe field of strain over the surface 
(Figure 5).  
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 As the humerus elevates, the peak strain begins on the anterior side as the humeral 
head is externally rotating (Figure 5a), putting the anterior portion under tension. As the 
humerus elevates, the tendon experiences bending, putting the posterior side under more 
tension (Figure 5b). The maximum effective strain, as calculated in Equation 3, in the 
tendon across the range of motion is shown below (Figure 6).  
 
Figure 4. Lagrange Strain of the Supraspinatus Tendon across Arm Elevation 
Across the range of motion, it can be seen that the effective strain increases as 
humerothoracic elevation increases. These strain values are particularly high, which is 
Figure 3. Effective Lagrange Strain on the tendon at a) 30 degrees and b) 150 degrees of 
Humerothoracic Elevation (Anterior View) 
a) b) 
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likely a result of the use of linear tetrahedral elements, which tend to misrepresent strain, 
particularly in the case of bending. 
 Similarly, FEBio calculates the effective stress, as in Equation 4, and applies a color 
map to visualize (Figure 7). 
 For most of the range of motion, the maximum stress follows the pattern of the 
maximum strain. At the beginning of the range of motion, from 30˚ to about 60˚ the anterior 
portion of the tendon has the peak stress as the humeral head is externally rotating. As the 
humerus continues to elevate, the posterior portion experiences more tension, resulting in 
higher stress. At the end range position, the anterior region experiences a stress 
concentration due to the extreme bending of the tendon. The magnitude of peak stress 
across the range of arm elevation can be seen in Figure 8, below. 
Figure 5. Effective Stress across the Tendon a) at 120˚ of Humerothoracic Elevation (Anterior View). b) at 
150˚ of Humerthoracic Elevation. 
a) b) 
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Figure 6. Cauchy Stress of the Supraspinatus Tendon across Arm Elevation  
The supraspinatus tendon can be thought of as having a few distinct portions. The 
footprint of the tendon, where the tendon attaches to the humeral head, and the critical 
zone, which is one centimeter medial to the footprint of the tendon. These are significant 
portions of the tendon, as the footprint experiences very high forces as it is the force 
transmitter from the muscle to the humerus. The critical zone, encompassing the footprint 
and one centimeter medial, is where tears are most likely to occur 40.  
 
Figure 7. Lagrange Strain in Different Regions of the Tendon across Arm Elevation. CZP and CZA 
represent the posterior and anterior portions of the critical zone, respectively. Likewise, FPP and FPA 
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represent the posterior and anterior portions of the footprint of the tendon.  
The behavior of the footprint and critical zones are fairly consistent, but the trends are 
different between anterior and posterior. On the posterior side, the strain increases 
consistently with elevation angle. On the anterior side, the trend is less direct, with a small 
peak at 30˚ where the tendon undergoes the initial external rotation.   
The effective stress in each portion of the tendon was calculated, and can be seen 
in Figure 10, below. 
 
Figure 8. Cauchy Stress in Different Portions of the Tendon across Arm Elevation. CZP and CZA represent 
the posterior and anterior portions of the critical zone, respectively. Likewise, FPP and FPA represent the 
posterior and anterior portions of the footprint of the tendon. 
 Ideally, from an efficiency standpoint, the humeral head would rotate about its axis 
with no translation of the humeral head. Even in healthy individuals, however, we see 
translation of the humeral head during motion, ranging between 0 and 5 millimeters in the 
superior direction 13. The model was run with translations of two and five millimeters 
superior and inferior applied linearly throughout the range of motion to compare how these 
various translations impact supraspinatus mechanics. In the inferior translation cases, the 
element strain was too large that the model did not run all the way. The effective Lagrange 
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strain (Figure 11), and effective stress (Figure 12), for arm elevation from 0˚ to 120˚ can 
be seen below.  
As can be seen in the figures above, superior translation tends to decrease maximum stress 
and maximum strain, while inferior translation tends to increase it.  
Discussion 
Across arm elevation, both the stress and strain were seen to increase with 
humerothoracic elevation (Figures 6 and 8). Due to the position of the humerus relative to 
the scapula, the supraspinatus has to twist and bend in order to facilitate that position. This 
causes fairly high stresses and strains, particularly at end range humerothoracic elevation.   
 The location of the peak stresses and strains changes across the range of motion as 
well. At the beginning of motion, from about 0˚ to 30˚, the peak stress and peak strain are 
on the anterior portion of the tendon. As the humerus externally rotates, the anterior portion 
of the tendon has to stretch. At further elevations, the tendon bends the other way, causing 
the posterior portion to contain the peak stresses and strains, which are much higher in 
magnitude than the anterior portion was exposed to (Figure 7a). At the end range of 
motion, (Figure 7b), there is a stress concentration on the anterior portion of the tendon. 
Figure 10. Changes in Lagrange Strain with 
Varying Humeral Head Translations. 
Figure 10. Changes in Effective Stress with 
Varying Humeral Head Translation. 
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This spot, at the footprint of the tendon, likely occurs due to the bending compression of 
these elements, along with their role in transmitting the force from the muscle to the 
humerus. This stress concentration may be reduced with increased load, which would keep 
the tendon experiencing such extreme bending. 
Lake et al found that the posterior portion of the supraspinatus tendon had the 
lowest modulus relative to the anterior and medial portions of the tendon 6. Although these 
different material properties were not modeled, the posterior portion of the tendon 
experiences much higher strains than the anterior portion (Figure 9). This may be made 
possible in reality by its reduced modulus relative to the rest of the tendon, allowing it to 
deform more without experiencing especially large stresses. 
Although there appeared to be a difference in the trend between anterior and 
posterior tendon mechanics, there was not much difference between the footprint and the 
critical zone (Figures 9 and 10). The critical zone had slightly higher strains than the 
footprint, while the footprint had higher stresses. The difference between where stresses 
and strains occur is likely due to the tensile load on the footprint in the axial direction. The 
fibers limit tensile deformation, but carry a lot of the load, due to their strong nature, while 
the matrix is able to bend and deform.  
When translation is imposed across the range of motion, the mechanics were 
observed to change in fairly consistent ways. As seen in Figures 11 and 12, superior 
translation causes a decrease in the amount of stress and strain in the tendon, while inferior 
translation causes an increase. This makes sense, as inferior translation would apply 
additional traction force on the tendon by the humerus pulling it in the direction opposite 
the muscle force, adding tension. By the same logic, superior translation reduces this force. 
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Too much superior translation, though, reduces the subacromial space, and could cause the 
tendon to come into contact with the coracoacromial arch. There is some optimal amount 
of superior translation that minimizes the amount of stress in the tendon, without causing 
subacromial impingement.  
Clinical Significance 
 The results of this model may ultimately be used to assess risk of rotator cuff tear 
development and inform strategies for prevention. It was found that stress and strain 
increase at higher arm elevations. Intuitively, increased strain on the tendon may result in 
microtrauma of the tissue, resulting in increased likelihood for rotator cuff degeneration. 
People may be in these extreme elevation positions due to occupational requirements, such 
as those working in labor intensive jobs that require a lot of overhead lifting, such as those 
in construction fields. They also may reach these positions if they are experiencing limited 
scapular upward rotation, as they would need to compensate with increased glenohumeral 
joint elevation. This population may benefit from rehabilitation aimed at 
increasing scapular upward rotation in order to decrease supraspinatus tendon strain in 
elevation. 
 This study found that superior humeral head translation tended to decrease stress 
and strain on the tendon over the range of motion, while inferior translation increased it. 
From a clinical standpoint, a patient with shoulder pain may be inferiorly translating their 
humeral head in an effort to reduce the pain they feel in high elevations, but this motion is 
actually increasing the strain on the supraspinatus tendon, furthering the problem. These 
results may indicate that patients with shoulder pain of suspected supraspinatus origin 
should reduce the amount of time they spend in extreme glenohumeral elevation. 
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Movement interventions may be prescribed to address issues in scapular kinematics, as 
well as to optimize humeral head translation across the range of motion.  
Assumptions and Limitations  
 Due to the complexity of biomechanical systems, a number of simplifications must 
be made in order to create a reasonable finite element model. It is important to consider 
what the question is, and how these assumptions may impact the results.  
 This particular model is limited in part by the material definitions. Only one fiber 
direction was used to model the supraspinatus. In reality, we know that there is a fiber 
distribution in the supraspinatus tendon 41. These different fiber directions would reduce 
the magnitude of stress and strain in the tendon, and may limit some of the bending 
experienced by the tendon.  
Another limitation is that the tendon is modeled as having uniform material 
properties. In reality, we know that the tendon properties vary from anterior to posterior as 
well as on the joint or bursal surfaces 6,41. Similarly, in the model, there is a defined line 
where the material properties shift from tendon to muscle. In reality there is a gradient of 
material properties from tendon to muscle. These variable material properties likely do not 
have a huge effect on how the supraspinatus deforms, but may impact the magnitude of 
stress in specific regions of the tendon.   
The material properties for muscle and tendon were validated previously by 
modeling a biaxial test from the literature 6. Using this as a material validation is limited, 
however, because the validation of two-dimensional behavior does not necessarily translate 
to the three-dimensional behavior of the tissue. 
 Another limitation of the model is the definition of the force. The muscle force is 
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applied to the back of the muscle to simulate force transmission from the muscle to the 
tendon. A more physiologically accurate representation of this would be to prescribe a 
uniaxial contraction of the muscle. The applied external force was used because it was most 
similar to the experimental set up. In reality, the muscle does not apply a constant force 
across the range of motion, so possibly a more dynamic definition would be appropriate.  
 The model is further limited by the imposition of average kinematics. Each subject 
has unique anatomy and kinematics. In this model, average motion was imposed from 
previous data. A more accurate method would be to measure subject-specific three-
dimensional kinematics and apply them to the model. 
 It is assumed for the purposes of simplicity that the other rotator cuff tendons 
behave independently of the supraspinatus, and that they hold the humeral head centered 
throughout the range of motion. When humeral head translation is imposed, it is assumed 
that translation only occurs in the superior/inferior directions. It is likely that, due to the 
limited stability of the glenohumeral joint, there is also translation in the anterior/posterior 
direction.   
Future Directions 
 With the above limitations in mind, the model can certainly be improved. The 
muscle and tendon were intended to be meshed using quadratic elements using Hypermesh 
software. These tet10 elements, however, were unable to be implemented in FEBio. In 
future versions of the model, quadratic tetrahedral elements will be implemented, as they 
tend to be far more accurate than linear tetrahedral elements, as used in this model. 
 Future development of the model could include making it more physiologically 
accurate. More anatomical structures could be modeled, such as the supraspinatus central 
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tendon 23, the biceps tendon, labrum, other rotator cuff tendons, subacromial bursa, and the 
coracoacromial ligament. In reality, these structures likely have an impact on each other’s 
mechanical environment. For example, the other rotator cuff tendons are connected by the 
rotator cuff interval, which causes the tendon forces to be transmitted across the connective 
tissue. The biceps tendon, labrum, and rotator cuff interval provide passive stability to the 
joint, which could be utilized to test forces required for subluxation and instability. The 
coracoacromial ligament provides a ceiling for the tendon, and may be involved with 
subacromial impingement, which could be modeled with certain subject’s anatomy.  
More generally, the model can be utilized to answer a number of clinical questions. 
Various kinematic conditions can be implemented into the model to understand the 
difference between various motions, for example pure abduction, scapular plane abduction, 
and pure flexion. Specific joint angles can be implemented to understand the stress and 
strain across the entire range of shoulder motion 3. Further, angles from the literature can 
be utilized to understand the mechanics at play for unique conditions, such as overhead 
throwing or wheelchair propulsion 42-44. Patient-specific kinematics may be implemented 
based on the three-dimensional joint angles that can be measured by fluoroscopy 13,45. 
Average kinematics from the literature can be compared to patient specific kinematics to 
see how the patient may be adapting their kinematics to reduce potential impingement or 
overall strain. This would be particularly interesting in the case where a subject has pain 
and may be adapting their motion to alleviate this pain.  
 Additionally, various subject’s anatomy may be incorporated to understand the 
effect of anatomy on supraspinatus mechanics. Further, statistical shape modeling, which 
essentially quantifies anatomical variations, can be implemented to understand how 
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specific variations in anatomy, for example, the different types of acromions (flat, curved, 
hooked), impact the mechanics acting on the supraspinatus 46. Specific pathology and 
surgical interventions may be modeled in order to understand how these interventions 
impact the load-bearing capacity, and overall tendon health 29,30,47.  
 The material definitions could be made more complex in future development of the 
model. More complex definitions of fiber direction and specific muscle pennation could be 
implemented as in Blemker and Delp, 2005 36. Material definitions that incorporate tissue 
degeneration could be incorporated to investigate intrinsic mechanisms of rotator cuff 
tears.  
 The force definition could be improved by doing a forward dynamics experiment 
to identify the true force of the supraspinatus muscle to produce the motion. This can be 
done using software like OpenSim (Stanford University). An initial guess is input based on 
EMG recordings, and the software performs a metabolic optimization to determine how 
much force each muscle is producing in order to produce a certain motion. The force results 
from a simulation like this may be useful in prescribing a realistic amount of force on the 
tendon. 
Conclusion 
 Rotator cuff tears are extremely common, and can be a fairly debilitating injury. 
The exact causes of rotator cuff pathology are not well understood. This study aimed to see 
how supraspinatus tendon mechanics vary across a range of arm elevation, and further, to 
examine how imposing superior and inferior translations of 2 and 5 mm impact the stress 
and strain. It was found that stress and strain increase across the range of arm elevation, 
with the posterior portion of the tendon experiencing the greatest amount of strain and the 
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anterior portion near the footprint of the tendon experiencing the greatest amount of stress. 
The maximum stress within the tendon decreased with superior humeral head translation, 
and increased with inferior humeral head translation. Further study is required in order to 
validate the model. The model has the ability to be extended in order to address numerous 
clinical questions, and truly understand the complex interaction between morphology and 
kinematics, and ultimately understand some potential mechanisms of rotator cuff 
pathology.  
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